A range of quaternised tertiary amine methacrylate-based homopolymers and copolymers were synthesised as mimics of the biopolymers implicated in biosilica formation. These synthetic polymers were evaluated for their ability to catalyse and direct the structure of silica formed by condensation of silicic acid in aqueous solution and at neutral pH. Homo-and co-polymers of differing degrees of quaternisation were studied, while some of the homopolymers also differed in their chain length. All polymers acted as catalysts for the condensation reaction, but at different rates according to their architecture and degree of quaternisation. The resulting silica-polymer hybrids were characterised fully, as were pure silicas obtained by calcination of the hybrids. Some crystallites were present in the hybrids and differences in crystal structure were observed in the calcined silicas, depending on the structure of the polymer, indicating that the polymers exert a structure-directing effect during initial silica formation. The work provides some new insights into structural factors affecting silica growth catalysed by synthetic cationic polymers.
Introduction
A variety of biological organisms (such as diatoms, sponges and grasses) are capable of incorporating silica in vivo at ambient temperature and neutral pH. In the case of diatoms this biosilicification of silica utilises monosilicic acid, Si(OH) 4 , as the starting material to create silicas with outstanding control over morphology. [1] [2] [3] Recently researchers have isolated the proteins responsible for silica precipitation and a number of proteins, polypeptides and synthetic polymers have been found to precipitate ordered and disordered silica structures from either tetraalkoxysilanes or sodium silicate. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] It has been postulated that the more pronounced effect of peptides compared to amines is not just due to the many electrostatic interactions or hydrogen bonds available within the polymer but that the relative arrangement of the amino groups is also important. Within a single molecule the electrostatic and/or hydrogen bond interactions are not thought to be sufficient to favour condensation. 10, 12 We have previously reported the use of polyviologens as potential catalysts for monosilicic acid polymerisation. 16 Little difference was observed with changes in counter-ion and alkyl spacer groups used. Although polyviologens are effective catalysts for monosilicic acid polymerisation it is not possible to apply the variety of counter-ion and alkyl chain spacers we have previously employed during the synthesis of sol-gel hybrids as the solubility of the polymers in the aqueous buffer is a limitation. 16 However, the work stimulated our interest in the catalytic and structure-directing effects of other structurally well-defined cationic polymers. The use of readily accessible synthetic polymers to produce structurallycontrolled silicas offers an attractive alternative to the use of natural or synthetic proteins. The use of well defined block copolymers with an anionic block has been shown to control the crystal formation of barium sulfate. 17 In Nature, the mediation of biomineralisation processes by amphiphilic macromolecules is increasingly well understood. 18 Here, we investigate a series of quaternised 2-(dimethylamino)ethyl methacrylate (DMAEMA) homopolymers as well as welldefined block copolymers of DMAEMA with methyl methacrylate (MMA) with varying degrees of quaternisation at a fixed chain length, and fully quaternised but with varying chain length (Fig. 1) . The effectiveness of these polymers as catalysts for monosilicic acid polymerisation as well as the nature of the hybrids and final silicas formed is described here.
Experimental Materials and techniques
Sodium silicate solution (27% Si) was purchased from Reidel de Haën and used as received. All other chemicals purchased were analytical grade or better and used as received. The pH 7.2 buffer used was Tris-HCl, prepared from tris(hydroxymethyl)aminomethane (Acros).
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{ Current address: Department of Chemistry, University of Sheffield, Sheffield, S3 7HF, UK. *j.hay@surrey.ac.uk notation is used to denote tetrafunctional silica species, where n is the number of siloxane groups bonded to the silicon atom. Powder X-ray diffraction (XRD) analysis was performed on a Seifert XRD 3003 TT powder diffractometer using Cu Ka radiation. Scanning electron micrographs were recorded on a Hitachi S-4000 or a Hitachi S-3200N scanning electron microscope. The Hitachi S-3200N was also used to acquire energy dispersive X-ray spectrometry (EDS) data. Transmission electron micrographs and electron diffraction data were recorded on a Philips EM 400T transmission electron microscope.
Polymer synthesis
The samples of PDMAEMA homopolymer and PDMAEMA-PMMA diblock copolymer were prepared by group transfer polymerisation (GTP) in anhydrous THF at ambient temperature, as described previously. 19 Partially quaternized PDMAEMA homopolymers and PDMAEMA-PMMA diblock copolymers were prepared by reaction with substoichiometric quantities of methyl iodide, as described by Vamvakaki et al. 20 The fully quaternised PDMAEMA homopolymers were prepared by atom transfer radical polymerisation (ATRP) of methyl chloride-quaternised DMAEMA monomer as described previously. 21 Note that the halide counter-ions differ for the homopolymers prepared by the different routes (chloride vs. iodide). Characterisation data for all the quaternised polymers are presented in Tables 1 and 2 . The abbreviations used to describe these samples throughout this paper are presented in column one of Tables 1 and 2 .
Silica precipitation
Monosilicic acid polymerisation was carried out using different protocols. Some reactions were performed with varying polymer concentrations to maintain an equivalent amount of quaternary ammonium groups across the polymer series, while in others the polymer concentration was kept constant and the degree of quaternisation varied. It was envisaged that this would help to reveal differences in the rate of monosilicic acid polymerisation resulting from architectural effects of the homo-or block co-polymers such as the presence or absence of a hydrophobic unit and the length of the hydrophilic or hydrophobic block which might be expected to affect the conformation adopted in solution. In addition, some reactions were performed with a specific polymer at different concentrations to see if there was any effect of concentration upon the reaction beyond the expected increase in rate as the proportion of quaternary nitrogen groups increases.
The method used was that employed by Coradin and Livage. 12 Molybdosilicic acid titration was used to follow the rate of reaction. 22 Sodium silicate solution (0.10 ml) was added to the buffer solution (30 ml) in a 50 ml conical flask. The mixture was stirred for 10 min before a solution of polymer in buffer (3 ml) was added. This represents a ca. 0.0047 M monosilicic acid solution. Stirring was maintained throughout the reaction. Periodically aliquots (400 ml) of the reaction mixture were taken and added to deionised water (5 ml). Sulfuric acid (200 ml, 1.5 M) and ammonium molybdate (400 ml, 0.08 M) were added and the mixture left to stand for 10 min before the UV absorption of the solution at 400 nm was recorded. After 2 h the reaction mixture was centrifuged, and the recovered solids dried under a flow of air at room temperature overnight.
The polymer-silica hybrids were calcined in air at 650 uC for 24 h in a muffle furnace.
Results and discussion
The polymers were synthesised as described previously using GTP and ATRP; [19] [20] [21] these two techniques ensure reasonably good control over the molecular weight and molecular weight distribution. The choice of polymers was based on the known effect of cationic proteins and other cationic polymers in natural biosilicification. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] It is also known more generally in biomineralisation that auxiliary macromolecules play a rô le in controlling the structure of the growing mineral 1,2,23 and it was thus of interest to compare the behaviour of the quaternised PDMAEMA homopolymers with that of the DMAEMA-MMA block copolymers, where the PMMA block can potentially exert a non-catalytic auxiliary effect. It has further been shown that the hydrophobic PMMA block leads to self-assembly of the block copolymers in aqueous solution, 24 which allows the possible effect of using copolymer micelles with cationic coronas (rather than molecularly dissolved cationic polymers) on silica catalysis to be explored. It is anticipated that the precise structure of the polymer in solution will itself be influenced by the presence of the continually changing silica species (in a similar way that silicon precursor induced surfactant mesophase formation has been known for some time 25, 26 ), but a detailed study of this behaviour is beyond the scope of the current investigation.
Monosilicic acid polymerisation
Whilst a variety of precursors can act as the silica source, the choice of silicic acid provides a comparison with an earlier study, 12 while being directly relevant to the situation found in Nature. 4 The Tris-HCl buffer is chosen to avoid the presence of phosphate, which can interact with the silica. A kinetic study of silica formation using the molybdosilicic acid titration method provides a facile way of determining the catalytic effects of the various synthetic polymers examined in this study. The method used was analogous to that described by Coradin and Livage 12 in their peptide study, although the concentration of silicic acid was increased for practical reasons, but still within the accepted limits of the method. 22 Despite the various differences in the results of monosilicic acid polymerisation (discussed below) the results for all the polymers used share several features in common. In the absence of polymer, the addition of sodium silicate solution to the buffer did not result in any visible precipitation and the solution remained clear for at least 8 h. Nonetheless, a gradual decrease in silicic acid concentration was observed with time ( Fig. 2) , suggesting the formation of soluble oligomeric species. This is entirely as expected for silicic acid condensation at neutral pH. The observed decrease in Si(OH) 4 concentration is slightly greater than that found previously, 12 perhaps reflecting the increased starting concentration, as a still greater effect has been observed with an even higher silicic acid initial concentration and poly(allylamine hydrochloride) as catalyst. 10 The addition of polymer to the silicic acid mixture immediately results in the solution becoming turbid and the formation of a visible precipitate is evident shortly thereafter (several minutes). A sharp decrease in the monosilicic acid concentration (ca. 10%) is observed for all polymers within the first few minutes, in contrast to the blank (polymer-free) sample which shows a slow and steady decrease in concentration (Fig. 2) . Subsequently the curve flattens out and resembles that obtained in the absence of polymer. The initial decrease can be attributed to the precipitation of polysilicic acid caused by the electrostatic and hydrogen bonding interactions with the cationic polymer. After precipitation the polymer becomes increasingly entrapped within the growing silica precipitate until it is unable to exert any catalytic effect on the remaining monosilicic acid in solution. As the catalytic effect weakens, any further silica formation will proceed at a much lower rate typical of the polymer-free reaction. Hence the rate of decrease in silicic acid concentration slows and eventually resembles that observed in the absence of polymer, although differences are observed in the final silicic acid concentration. The silica products are true polymer-silica hybrids, in the same way that natural silica exoskeletons are proteinaceous hybrids. The ability of the polymers to induce monosilicic acid polymerisation remains effective for up to 30 min. Foaming was observed for the amphiphilic block copolymer PMMA-PDMAEMA-100. Because of the surfactancy of these polymers, this was not unexpected but it is not clear how much this affected the results obtained.
PDMAEMA homopolymer at varying degrees of quaternisation and chain lengths. At a constant concentration of quaternary ammonium groups no differences beyond experimental error were observed for the fully quaternised polymer (QDMA) at varying chain lengths, as would be expected if the primary controlling factor is the concentration of catalytic species (Fig. 2) . At best, the final degree of condensation is slightly higher than for the uncatalysed case and comparable to the degree of condensation observed for polylysine at the same pH. 12 At this pH, the polypeptide also carries a positive charge, resulting in electrostatic interactions with growing silicate species, as expected for QDMA.
At a fixed polymer concentration, however, after the initial sharp drop in Si(OH) 4 concentration in all cases, the longer chain length (QDMA 100 ) polymer appears to polymerise monosilicic acid more slowly than observed for the shorter chain lengths (QDMA 30,60 ) as shown in Fig. 3 . This results in an overall lower degree of condensation in the case of QDMA 100 . This is somewhat surprising when it is considered that there are more quaternised ammonium groups present overall in the longer chain length polymer. This could be related to the slower micro-diffusion rate of the longer coiled polymer chains in the local environment of the polymerising silicate species. It may also reflect a greater propensity for this chain to bind electrostatically to the silicate species, leading to more rapid shielding of the catalytic positive charge. Furthermore a decrease in concentration of QDMA 100 results in an increase in the rate of monosilicic acid polymerisation and a reduction in the overall final amount of monosilicic acid as shown in Fig. 4 . The amount of unreacted silicic acid remaining at the higher polymer concentration is actually greater than for the polymer-free sample, although the overall extent of reaction is greater for the lower concentration of polymer. This is in marked contrast to the results obtained for QDMA 30 which, although on the edge of experimental error, appear to show an increase in the rate of monosilicic acid polymerisation with an increase in concentration and a small increase in extent of reaction compared to the polymerfree case (Fig. 4) . This would be expected from the increase in concentration of catalytic groups. The results observed for PDMAEMA homopolymers at varying degrees of quaternisation (Fig. 5) appear to support the idea of the polymer architecture having an effect. Surprisingly, PDMAEMA-100 and PDMAEMA-35 polymerise monosilicic acid at a markedly faster rate than that observed with the PDMAEMA-63 polymer. In addition, while the overall extent of silicic acid reaction in the case of PDMAEMA-63 is comparable to the polymer-free case, the extent of reaction is much greater for the other polymers, which are also more effective than polylysine at this pH and comparable to polylysine at pH 9.2, where the proportion of negatively charged silicate species is higher. 12 These apparently counter-intuitive results could arise from differences in the solution conformation of the polymers, affecting the accessibility and catalytic efficiency of the cationic sites. A detailed in situ study of polymer conformation through the course of the reactions would be instructive, but is beyond the scope of this preliminary study.
MMA-DMAEMA block copolymers at varying degrees of quaternisation. The results for these polymers are largely within experimental error (Fig. 6 ) although it does appear that the polymers fall within two 'groups'. Copolymers with higher degrees of quaternisation (MMA-DMAEMA-100, MMA-DMAEMA-45 and MMA-DMAEMA-23) are in good agreement with each other, whereas the polymer with the lowest degree of quaternisation (MMA-DMAEMA-16) appears to polymerise monosilicic acid at a slightly lower rate (although this is on the edge of experimental error). The less marked catalytic effect of the PMMA-PDMAEMA-16 diblock copolymer is also reflected in the overall extent of reaction, which is lowest for PMMA-PDMAEMA-16, although still greater than the polymer-free case for all copolymers. Such a difference between the 16% and 23% quaternised polymers would not be expected on the basis of the difference in concentration of catalytic groups alone. Inaccessibility of the catalytic groups seems unlikely to be the reason for these results, as the PMMA block should lead to micellar selfassembly, with the quaternised DMAEMA groups accessible on the periphery of the micelle corona. One possible rationale is the effect of the 84% non-quaternised basic tertiary amine groups, which could act as an inhibitor of silica formation through local buffering of solution pH to a value different to that of the bulk solution pH.
Polymer-silica hybrid products
All the polymer-silica hybrids were obtained as white solids and found to be amorphous by powder XRD. No evidence was found for any specific ordering induced by the presence of the polymers. FTIR analysis revealed the characteristic CLO stretch at 1670-1780 cm 21 in all the hybrids, confirming the presence of polymer. This is consistent with the kinetic studies, which provide indirect evidence for encapsulation of the polymers within the growing silica network. Absorptions due to Si-O-Si bending and Si-OH vibration at 800 and 950 cm Nuclear magnetic resonance spectroscopy. Analysis by 13 C solid state NMR spectroscopy of the hybrids containing PDMAEMA-35, PDMAEMA-63 and PDMAEMA-100 confirmed the incorporation of polymer into the hybrids, the spectra showing resonances consistent with the polymer structures. NMR spectroscopy also revealed that, although a significant difference was noted in the rate of monosilicic acid polymerisation with PDMAEMA-63 compared to the other homopolymers (which both result in faster condensation), it is only the fully quaternised polymer (PDMAEMA-100) that shows any significant difference in the hybrid structure by 29 Si NMR (Fig. 7 ). An increase in the amount of Q 4 species relative to Q 3 suggests that using PDMAEMA-100 leads to a more fully condensed silica network. This makes sense if the catalytic effect is related not only to the accessibility of the trimethylammonium groups but also their local concentration on the polymer backbone, which could lead to cooperative effects of several adjacent catalytic groups in the case of PDMAEMA-100, but not PDMAEMA-35. It is emphasised that the kinetic effects described earlier refer only to the initial reduction in the concentration of the silicic acid, but not to the extent of subsequent condensation. These results demonstrate that the factors which influence the initial condensation of silicic acid are not necessarily identical to those which control the later stages of condensation in these silicates.
Electron microscopy. In general the hybrids consist of aggregates of roughly spherical particles of varying size (which are for the most part below 0.1 mm). No significant differences in particle size were observed for hybrids formed from various polymer architectures or differing degrees of quaternisation. The surface morphology of the aggregates varied from fairly smooth to relatively rough and it was not possible to rationalise the differences, if any, between samples. Energy dispersive X-ray spectrometry (EDS) revealed that the hybrids are composed mainly of silica. In addition to the expected signal from the polymer, trace amounts of sodium and chlorine (primarily from the buffer solution) are also present. Elemental mapping reveals that the various elements are mostly distributed fairly evenly throughout the samples except in rough areas where it appears that sodium and chlorine predominate (Fig. 8) . It is not unreasonable that this is due to the formation of salt crystals; however, if they are present it is in sufficiently low quantities for the hybrids to remain amorphous by powder XRD. It is not clear whether the images observed under SEM accurately reflect the material as it is formed in situ rather than the effects of aggregation throughout the reaction and the subsequent drying process in a petri dish. Therefore, immediately after the addition of polymer to the silica solution, aliquots of the cloudy suspension (containing precipitating material) were removed using a pipette, placed onto holey carbon film and allowed to dry under a flow of air. The samples were then investigated using transmission electron microscopy (TEM) in order to better understand the in situ silica formation process.
Analysis of the hybrids by TEM revealed them to consist predominantly of amorphous roughly spherical particles in accordance with the results obtained from SEM; however, other particle shapes were also observed in varying quantities (Fig. 9) . These shapes were regular and subsequent analysis revealed that a variety of regularly shaped 'microcrystalline' species were present in many of the hybrids. These were typically found to be tetragonal in shape (Fig. 10, left) but rodlike species (Fig. 9) were also observed. Diffraction patterns were collected and confirmed that these species were crystalline (Fig. 10, right) and that all possessed a face centred cubic structure, although the actual lattice parameters varied somewhat (Tables 3 and 4) . Although, as noted above, EDS showed that sodium and chlorine are present in significant amounts in certain areas, none of the lattice parameters analysed corresponded to the NaCl structure. The formation of multiple morphologies may arise from kinetically-controlled crystal growth mediated by the presence of the organic polymer matrix and involving polymer conformational changes during the silicification process. 18 It has been found that biogenic inorganic oxides can display a variety of morphologies not necessarily accessible by conventional chemical synthesis. 27 
Silicas formed by calcination
Calcination of the hybrids in air at 650 uC for 24 h resulted in a mixture of amorphous and crystalline silicas which show some variation depending on polymer architecture and degree of quaternisation. The calcination temperature is below the temperature at which significant phase changes normally occur in silica. 22 The PDMAEMA homopolymer at varying degrees of quaternisation produced crystalline silicas as shown in Fig. 11 . Only the MMA-DMAEMA copolymers at a low degree of quaternisation produced crystalline silicas when calcined, but this crystallinity was less marked than those obtained for the homopolymers. The powder XRD patterns resulting from the calcination of the hybrid containing PDMAEMA-35 (Fig. 11a) , and to a lesser extent that obtained from the MMA-DMAEMA-23, resembles that produced when sodium is not fully removed from sodium silicate solution that is subsequently polymerised. 22 This is not too surprising, as EDS has shown that sodium is present in the hybrids. What is unusual is that this crystal structure is not observed in all the final silicas. PDMAEMA-63 and PDMAEMA-100 (Figs. 11b and 11c respectively) clearly result in a different crystal structure, as do the other MMA-DMAEMA block copolymers, which form amorphous silica. The apparently anomalous behaviour of the MMA-DMAEMA-100 copolymer is interesting, as its hybrid shows evidence for microcrystalline structures, but none are evident in the calcined silica. Clearly there is an effect of polymer structure on the structure of the final silicas, producing different crystalline or amorphous structures. One unanswered question is whether the anion present in the polymer has an effect on the structure development and subsequent crystallisation. Previous work with cationic ionene polymers saw no evidence for anion effects in the condensation reaction, but the effect on calcinations was not studied. 16 In the present case, the PDMAEMA-x polymers and the block copolymers contain iodide ions, but the buffer solution contains chloride hence masking any specific anion effect. It would be of interest to investigate such effects in future work by controlling the nature of the anion in both the polymer and the buffer.
For the PDMAEMA homopolymer an increase in the degree of quaternisation may be responsible for an increase in structure control (as discussed above, PDMAEMA-100 has a clear effect upon the silica structure of the hybrid) but the opposite appears to be true for the MMA-DMAEMA copolymer. A combination of electrostatic and topological features is likely to be responsible for the structure-directing effect. The formation of crystalline silicas at such relatively low calcination temperatures is most likely a consequence of the effect of the polymers in producing partial organisation of the silica network in the hybrids and facilitation of further structural reorganisation in the early stages of calcination, prior to thermolysis of the polymer. The extent of structural organisation in the first-formed hybrids is likely to vary according to the spatial separation of the polymer and the silica, with possible formation of some non-templated silica at the surface of individual particles.
Conclusions
PDMAEMA at various degrees of quaternisation and its block copolymer with methyl methacrylate are effective catalysts for monosilicic acid polymerisation at neutral pH. Differences in polymer architecture have been shown to lead to differences in the rate and extent of polymerisation as well as differences in the structure of the hybrids and silicas formed after calcination. The work points to various competing factors which influence the catalytic activity and structure-directing effects of such synthetic cationic polymers, including polymer solution conformation, micro-environment effects and ease of electrostatic binding between cationic polymer groups and anionic silicate species. A much more detailed study of these effects might lead to sufficient fundamental understanding to ultimately control polymer structure to permit precise tailoring of the final silica network structure. Although the hybrids are mostly amorphous, some microcrystallites are also present in the hybrids immediately after formation. The exact nature of these microcrystallites and their possible involvement in the structure of the final silicas is unclear and warrants further investigation. This will include real time elevated temperature XRD studies. also thank Dr David Apperley (University of Durham) for provision of solid-state 13 
